Co nanoislands on the Au(111) and Cu(111) surfaces have been studied by scanning tunneling microscopy and spectroscopy. The experimental results showed that Co nanoislands prefer to aggregate at the step edge and dislocation sites on the reconstructed Au(111) surface and at the step edge on the Cu(111) surface, respectively. In addition, based on dZ/dV-V spectra, in both the Co/Au(111) and the Co/Cu(111) systems, Gundlach oscillation was observed. From the peak shift of dZ/dV-V spectra between Co nanoisland and substrate surface, we can quantitatively obtain that the constant energy separation is −0 13 ± 0 01 eV for the Co/Au(111) system, and 0.41 ± 0 02 eV for the Co/Cu(111) system, respectively. These values indicate the work function difference between Co nanoisland and these surfaces.
INTRODUCTION
Since Co/Au/Co and Co/Cu/Co sandwich structures with perpendicular magnetic anisotropy (PMA) and large magnetoresistance (MR) ratio were discovered by Chappert and Parkin, respectively, Co/Au and Co/Cu multilayers have drawn much attention due to their attractive physical properties and potential applications in the magnetic recording media. [1] [2] [3] [4] [5] [6] [7] [8] However, their magnetic performances depend strongly on the interface morphology, and therefore, a great deal of related work has been done on the study of the Co/Au and Co/Cu interfaces. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] In a Co/Au(111) system, the large lattice mismatch of 14% between Co and Au induces the characteristic growth mode of Co films. Scanning tunneling microscopy (STM) study has shown that Co deposited at room temperature starts to nucleate at a kink of the reconstructed Au(111) surface with a zigzag, forming islands with a hexagonal closed-packed (hcp) structure, and then these islands become coalesced and connected to one another to form a film domain. 11 In addition, ferromagnetism with perpendicular anisotropy is observed when the thickness of a Co layer evaporated on the reconstructed Au(111) surface at room temperature is larger than 1.6 monolayers (ML).
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On the other hand, in a Co/Cu system, because of the small lattice mismatch of 1.9% and the low miscibility of Co in bulk Cu, Co/Cu is considered as a heteroepitaxial system with a high degree of perfection. While this has been verified for the layer-by-layer growth of Co on a Cu(100) surface for a thickness above 2 ML, it has not been verified for Co on a Cu(111) surface. [14] [15] [16] [17] Furthermore, Co grows initially on Cu(111) substrate in the form of bilayer islands in the shape of triangles that are rotated 180 with respect to each other. It has been observed by Spin-Polarized STM that these two types of Co islands exhibit perpendicular magnetic anisotropy with large coercivity of 1-1.5 T and M r /M s of nearly 1.
18 Accordingly, these two systems have a promising future in next-generation magnetic storage.
However, little information about electronic properties, especially for work function, of Co nanoislands on the reconstructed Au(111) and clean Cu(111) surfaces is available. Therefore, the possibilities presented by these systems inspired us to study the behavior and the electronic properties, such as work function, of Co nanoislands on the reconstructed Au(111) and clean Cu(111) surfaces.
EXPERIMENTAL DETAILS
In-situ experiments were performed in an ultrahigh vacuum (UHV) chamber with a base pressure better than 1 × 10 −10 torr that was equipped with a scanning tunneling microscope (STM). The Au and Cu single crystals with a miscut angle of 0.1 in the (111) direction were cleaned by repeated cycles of ion beam sputtering with 2.5 keV Ar + ions and then annealed at 850 K. The Co with a purity of 99.999+% was deposited by evaporation gun onto the reconstructed Au(111) and clean Cu(111) substrates at room temperature, respectively. The flux of Co deposition was about 0.2 ML per minute and the pressure during the deposition was kept below 2 × 10 −10 torr. The morphology was directly observed by homebuilt STM operating at room temperature. Tips were electrochemically cut from polycrystalline W wires and used in UHV with no further treatment. The Co coverage is estimated by the average ratio of the area of Co nanoislands to that of the substrate from 10 STM images taken from different regions of 100 nm×100 nm. However, for Co on Cu(111), it was reported that the Co nanoislands are three cobalt layer deep, with the bilayer height over the surface and the third layer embedded within the Cu surface layer, 17 and accordingly the coverage of Co coverage on Cu(111) surface is corrected. For Z-V measurement, the tip trajectory was recorded with an active feedback at a set tunneling current, while the sample bias was ramped from 6 to 9 V, and Z is the distance between tip and sample. All Z-V experiments were performed at 4 K. The dZ/dV-V spectrum was obtained by numerical differentiation of the Z-V curve. The experimental details concerning the dZ/dV-V spectrum have been described elsewhere. 19 
RESULTS AND DISCUSSION
Figure 1(a) shows an STM image of the clean Au(111) surface. The prominent feature of the Au(111) surface is a series of parallel zigzag ridges, the well-known 23 × √ 3 herringbone reconstruction, formed by a stress-induced surface contraction along the line perpendicular to the ridges.
11 Figure 1(b) shows the topographical image of Co deposited on the reconstructed Au(111) surface. Clearly, Co atoms aggregate to the ridges sites and step edges to form Co clusters with an average height of 4.1 ± 0.2 Å (about bilayer height) and average width of 30 Å. This aggregation occurs because the Co atoms have sufficient kinetic energy from thermal energy to migrate to the energetically stable locations, such as the ridges sites and step edges of the reconstructed Au(111) surface. 20 On the other hand, the clean Cu(111) surface shows atomically flat terrace with average width of about 300 Å separated by the steps with 2.09 Å height as shown in Figure 1 (c). Figure 1(d) shows the topographical image of Co deposited on the Cu(111) surface. It is found that almost all cobalt islands are grown at the upper step edge after Co deposition. It might ascribe to an activation barrier of 1 eV existed at the upper edge of Cu steps to prevent the mobile Co adatoms from jumping down the step, and this result is in accordance with the total energy calculations within density functional theory. 21 It is similar to preferential condensation at upper terrace for Fe/Cu(111) system. 22 Besides, the islands have an apparent average height of 3.9 ± 0.2 Å and width of ∼48 Å, which corresponds to double-layer patches with respect to lower terrace.
Also, in this study, scanning tunneling spectroscopy (STS) was used to acquire Z-V spectra in order to study the electronic properties of Co nanoislands on the Au(111) and Cu(111) surfaces, respectively. If the bias between tip and sample is small, only the image potential state, resulting from its own charge, will be obtained. An electron brought out of the surface will see a positively charged image of itself. 23 Accordingly, we adopted a higher bias from 6 to 9 V to study the transmission behavior of the electron and avoid image potential effect in this study. Figures 2(a) and (b) present Z-V curves and dZ/dV-V spectra of a Co nanoisland and Au(111) surface, respectively. It is seen that the distance (Z) between tip and sample at the setting fixed tunneling current is in stepped increments as the bias V increases, as shown in Figure 2(a) . This occurs because the triangular potential well forms whenever the fermi level (E f of one electrode is greater than the work function of the other. If the bias is increased, the STM retracts to maintain a constant tunneling current and the tip will try to follow the trajectory of the constant electric field. However, whenever the fermi level lines up with the eigenstate of the well, the current tends to increase, causing the STM to withdraw farther.
Another interesting point is that Gundlach oscillation is observed for not only a single Co nanoisland, but also Au(111) surface as shown in Figure 2(b) . (111) and Co nanoisland at the range of 6-9 V in the Co/Au(111) system, and (c) dZ/dV-V spectra of Cu (111) and Co nanoisland at the range of 6-9 V in the Co/Cu(111) system. this oscillation is the wavelike properties of the tunneling electrons. The tunneling gap is on the order of the electron wavelength and the electron waves are coherent. Furthermore, the dZ/dV-V spectra between Co island and Au(111) surface exhibits the constant separation, and this energy separation can be estimated to be −0 13 ± 0 01 eV. In addition to the Co/Au(111) system, one of the most well-known systems is the Co/Cu(111) system. Figure 2(c) shows dI/dV-V spectra of Co nanoislands and Cu(111) Fig. 3 . Schematic for the distribution of standing wave states within a triangular potential. It shows that the energy separation is due to the work function differences between sample 1 and sample 2, i.e.,
surface, respectively. Similarly, the Gundlach oscillation is also observed for the Co island and the Cu(111) surface, and the energy separations also remain constant in the spectra, 0.41 ± 0.02 eV for Co/Cu(111). The energy difference in the dZ/dV-V spectra between Co island and Au(111) or Cu(111) surface is judged as the difference in the work function between Co island and Au(111) or Cu(111) surface. In general, the work function of a material is defined as the energy which is required to take an electron out of the solid to infinity. Most often it is thought of as a sharp step in the particle's potential energy that occurs at the interface between solid and vacuum. In this study, when the tip is applied with the higher bias than the vacuum level (E v of Co adatom or Au(111) surface, i.e., 6-9 V, Gundlach oscillation plays a major role in the spectrum. It is worth noting that with an unchanged electric field the formation of Gundlach oscillation is independent of the characteristics of the observed surfaces, and the distribution of the standing wave states is similar for different materials when they all occur above the vacuum level (E v . 24 Thus only the beginning of the triangular potential varies with the surface, i.e., the work function. Therefore, during the Z-V measurement, the standing wave states of the sample and the substrate can be distinguished due to the difference of work function ( = W 2 − W 1 as shown in Figure 3 . In sum, the energy separation measured in Gundlach oscillation should be constant and equivalent to the difference between the substrate and the sample. Through the Z-V measurement, it can be understood that even a nanometer scale material can devote itself to the variation of work function for a Co nanoisland on Au(111) or Cu(111) surface.
CONCLUSIONS
Co nanoislands aggregate at the upper step edges of the Cu(111) surface and at the step edge and the dislocation sites on the Au (111) spectra, both Co/Cu(111) and Co/Au(111) systems exhibit Gundlach oscillation. From the peak shift of dZ/dV-V spectra between Co nanoisland and substrate surface, we can quantitatively obtain that the constant energy separation is −0 13 ± 0 01 eV for the Co/Au(111) system, and 0.41 ± 0 02 eV for the Co/Cu(111) system, respectively. These values indicate the work function differences between Co nanoislands and these surfaces. The Z-V measurement might allow us to detect the variation of the work function for different magnetic nanostructures.
